Tunneling between Two Quantum Hall Droplets 
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We report on tunneling experiment between two quantum Hall droplets separated by a nearly 
ideal tunnel barrier. The device is produced by cleaved edge overgrowth that laterally juxtaposes 
two two-dimensional electron systems across a high quality semiconductor barrier. The dramatic 
evolution of the tunneling characteristics is consistent with the magnetic field-dependent tunneling 
between the coupled edge states of the quantum Hall droplets. We identify a series of quantum 
critical points between successive strong and weak tunneling regimes that are reminiscent of the 
plateau-transitions in quantum Hall efi^ect. Scaling analysis shows that the conductance near the 
critical magnetic fields Be is a function of a single scaling argument — i3c|T~'', where the exponent 
K — 0.42. This puzzling resemblance to a quantum Hall-insulator transition points to the significance 
of interedge correlation in the lateral tunneling of quantum Hall droplets. 
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I. INTRODUCTION 

The edge states in the quantum Hall regime represents 
a nearly ideal realization of one-dimensional electronic 
systems in nature Q . Analogous to the skipping orbits for 
a metallic sheet within a semi-classical picture, the edge 
state represents the only possible physical excitation for 
a quantum Hall droplet. Perhaps the most remarkable 
feature of the edge state involves its unique ability to 
adjust itself spatially as well as energetically associated 
with its gapless property. Resulting ballistic motion of 
the edge electrons precludes backscattering, making it an 
ideal system for studying the effect of interaction in one- 
dimensional electronic systems. In the integer quantum 
Hall regime, the edge state contains a discrete number of 
modes, one for each filled Landau level, that contributes a 
quantum of e^//i to the overall conductance. For a frac- 
tional quantum Hall state at v = 1/m, the edge mode 
consists of a single chiral Luttinger liquid whose Lut- 
tinger parameter g specified by the filling factorj^Q- 

Following the prediction of chiral Luttinger liquids in 
the fractional quantum Hall effect extensive effort 
has been devoted to the study of tunneling between quan- 
tum Hall edge statesj^, 5,, 6, 7, 8, 9, IQj llj. Experi- 
mental studies of tunneling between edge states across a 
quantum point contact 's^ and tunneling between an edge 
state and a three-dimensional metal 9, 10] have generally 
tended to support the predicted Luttinger liquid behav- 
ior. However, there remain important open questions 
regarding the experimentally observed exponent and its 
correlation to the bulk quantum Hall states[ll|. 

A different and perhaps more intriguing geometry for 
the study of edge state tunneling involves a line junction 
that juxtaposes two quantum Hall droplets separated by 
a well-defined tunnel barrier. Such a junction in the dirty 



limit has been initially envisioned as a Hall bar with a 
long narrow gate that couples two fractional quantum 
Hall liauids[l3.IT3l|. The resulting junction produces two 
parallel, counterpropagating edge modes against each 
other across the barrier. The inter-mode backscattering 
from the defects in the barrier has led to prediction for a 
metal-insulator transition in the conductance across the 
i unction [T^ [l3l|. In the clean limit, a coupled Luttinger 
lic^uid emerges when the edge states of integer quantum 
Hall are placed close to each other Resonant mi xing 
of the states with equal transverse momentum|l5iria. ll7| 
has led to prediction for a one-dimensional broken sym- 
metry statejisj. 

In this paper, we report on the observation of a cas- 
cade of quantum phase transitions exhibited by tunnel- 
coupled edge states of quantum Hall line junctions. Two 
counterpropagating edge states are separated by an 8.8 
nm-wide, ~100/im-long semiconductor barrier. We iden- 
tify a series of quantum critical points between successive 
strong and weak tunneling regimes that are reminiscent 
of the metal-insulator transition in two-dimensions. Scal- 
ing analysis shows that the conductance near the critical 
magnetic field Be is a function of a single scaling argu- 
ment \B — Bc\T~'^, where the exponent k « 0.42. This 
apparent similarity to the quantum Hall-insulator transi- 
tions is quite puzzling due to one-dimensional character 
of edge states. Whether the resemblance to a quantum 
Hall-insulator transition is coincidental or occurs from 
some deeper physics remains to be clarified. 



II. EXPERIMENTAL DETAILS 

The line junctions which couple two quantum Hall 
liquids are fabricated b y c leaved edge overgrowth using 
molecular beam epitaxv |19l \2(JL w\ . The initial growth on 
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a standard (100) GaAs substrate consists of an undoped 
13/iTO GaAs layer followed by an 8.8 nm-thick digital al- 
loy of undoped Alg.iGao.gAs/AlAs, and completed by a 
14/iTO layer of undoped GaAs. This multilayer sample is 
cleaved along the (110) plane in an MBE machine and 
a modulation-doping sequence is performed over the ex- 
posed edge, forming two strips of two-dimensional elec- 
tron systems separated from each other by the 8.8 nm- 
thick barrier. A mesa incorporating the barrier and the 
two-dimensional electron systems into a junction that is 
~100/xm long is defined by photolithography. The inset 
of Fig. ^ shows the layout of the line junction device in 
the plane of the two-dimensional electrons. Under strong 
transverse magnetic field, Landau quantization creates 
two droplets of quantum Hall liquids separated by the 
rectangular tunnel barrier. The resulting junction places 
two counterpropagating edge states within the magnetic 
length of each other, leading to the geometry for intcr- 
edge tunneling. The density of the two-dimensional elec- 
tron system in the devices studied was n = 2x lO^^cm^^ 
with a mobility of '~ 1 x IQ^crn^ /Vsec. 



III. DIFFERENTIAL CONDUCTANCE AT 
ZERO-BIAS 

Figure ^ illustrates the differential conductance at 
zero-bias, G = dl/dV, across the line junction and the 
magnetoresistance of the two-dimensional electron sys- 
tem parallel to the tunnel barrier. The conductance ex- 
hibits a series of conductance peaks that oscillates with 
increasing magnetic field before abruptly dropping to 
zero above 6.7 tesla. No oscillatory features can be seen 
at higher magnetic fields. Shubnikov-de Haas oscilla- 
tions are found in the magnetoresistance for low mag- 
netic fields and integer quantum Hall states beyond 2 
tesla. The period of Shubnikov-de Haas oscillations of 
the two-dimensional electron systems does not match the 
conductance oscillations, which are sharper and more dis- 
tinct than the oscillations in the magnetoresistance. 

Two different theoretical scenarios have been proposed 
to describe the physics of the line junction in the clean 
limit. Within the level-mi xing picture of tunneling across 
the line i unction [Tsl. llTl flM l2^ . the conductance 
peaks occur whenever the energy levels of the two edges 
coincide with the Fermi level at zero bias as a function 
of magnetic field. It was also proposed that the differ- 
ential conductance peak arises from the formation of a 
correlated electronic state with spontaneous inter-edge 
coherence at zero momentum transfer J^. In an alter- 
nate picture, the differential conductance peak is due to 
the effects of point-contact tunneling in the Coulomb- 
coupled edge states [l3|- In this framework the successive 
differential conductance peaks are due to quantum phase 
transitions tuned by the magnetic field, caused by open- 
ing and closing of tunneling channels between the coupled 
edge states as the magnetic field is varied. 

Figure |21 shows the magnetic field dependence of the 
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FIG. 1: Top: Representative differential conductance, G = 
dl /dV, of the line junction at 300 mK. Bottom: Magnetore- 
sistance from one of the two-dimensional electron system in 
the line junction. Inset: Layout of the line junction and mea- 
surement geometry. Two counterpropagating edge states are 
juxtaposed against the barrier in the quantum Hall regime. 



zero bias conductance between 1.5 and 8.3K. The con- 
ductance peaks grow in amplitude with increasing mag- 
netic field and decreasing temperature. Above 7 tesla, 
the differential conductance becomes vanishingly small as 
the momentum conserved tunneling across the line junc- 
tion can no longer be satisfied and the conduction occurs 
parallel to the junction, along the barrier. A striking 
feature of the conductance data in Fig. |21 is the series 
of critical points on the high field side of the conduc- 
tance peaks. These critical points separate the differen- 
tial conductance peaks from the low conductance regions 
where the tunneling is largely suppressed. Interestingly, 
no critical points can be seen on the lower field side of the 
differential conductance peaks. In terms of single parti- 
cle levels, there are excess states above the energy level 
crossings on the low field side prior to the entry into the 
zero-bias peaks. On the other hand, electronic states are 
depopulated as soon as the system exits the differential 
conductance peaks on the high field side. Consequently, 
the observed aymmetry may be reflecting the structure of 
the energy level crossings as the population of the filled 
states change as a function of magnetic field. The in- 
set of Fig. 121 illustrates the temperature dependence of 
differential conductance at the three largest zero bias- 
conductance peaks. Differential conductance increases 
slowly as temperature is reduced and saturates below IK. 
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FIG. 2: Conductance of a line junction for various tempera- 
ture between 1.5K and 8.3K. Inset: Temperature dependence 
of conductance the first 3 peaks. 
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FIG. 3: Critical points and scaling analysis of the tunneling 
conductance, (a) Conductance data near Be = 3.39T. (b) 
Conductance data near = 6.73T. (c) Scaling analysis of 
the conductance data near Be = 3.39T as a function of \B — 
Bc\T~'^. (d) Similar analysis performed for data near near Be 
= 6.73T. 



IV. QUANTUM CRITICAL POINTS AND 
SCALING ANALYSIS 

Figures|3^ and|3j3 show an expanded view of the differ- 
ential conductance near the critical points around = 
3.39T and 6.73T with corresponding critical conductance 
values of Gc of approximately 0.05e^//i and 0.03e^/h. 
Immediately above (below) the critical magnetic field, 
Be, differential conductance decreases (increases) with 
temperature. Such a behavior about the critical points 
is reminiscent of the quantum Hall-insulator transitions 
in two-dimensions. Figure and |21i illustrate the re- 
sults of the scaling analysis of the differential conduc- 
tance about the critical points. For both cases we find 
that the tunneling conductance G near Be can be scaled 
as an argument of \B — Bc\T~'^, where n = 0.42. While 
the critical point at Be = 3.39T features a limited scal- 
ing regime and consequently a greater uncertainty in 
the value of the critical exponent, the extended scaling 
regime around Be — 6.73T and its smaller variance of 
the exponent provide confidence on the scaling form. Re- 
markably, this is the same universal scaling form and the 
exponent found in quantum Hall-insulator transitions in 
bulk two-dimensional electron systems psj. 

Although a disorder driven metal-insulator transition 
in a line junction has been predicted ear 

lier,I2, j3> the 

high quality of the MBE-grown barrier and the momen- 
tum conservation in the single particle tunneling lead us 
to discount the likelihood of disorder playing a prominent 
role. The ballistic property of edge states further mini- 
mizes the possible localization effects associated with dis- 



order. Clear demarcation of the conductance about the 
quantum critical points and the relative unimportance 
of disorder lead us to consider the high conductance and 
the low conductance regimes as a pair of highly correlated 
ground states. Since the two edge states are separated by 
a tunnel barrier on the order of inter-electron distance, 
it follows that electron-electron intreaction between the 
two edge states should play an important role in the elec- 
tronic transport across the line junction. 

It has been proposed by Kim and Fradkin 14] that 
inter-edge tunneling in our devices is equivalent to a cou- 
pled one-dimensional system interacting through short 
range interactions. It is postulated that the tunneling 
between the right- and left-moving edge modes occurs 
primarily through a weak tunneling center that acts like 
a point contact. The electron-electron interaction in the 
model can be accounted through a rigorous mapping of 
two parallel edge channels into a coupled Luttinger liq- 
uid characterized by an effective Luttinger parameter K. 
Depending on the coupling constant between the left and 
right moving branches, there is a quantum phase tran- 
sition between a state with no tunneling for if > 1 or 
perfect tunneling K < \. The experimentally observed 
sequence of critical points represents a series oi K = 1 
quantum critical points between the strongly and weakly 
tunneling regimes. The sequence of critical point there- 
fore mimics a series of opening and pinching-off of the 
tunneling center as a function of magnetic field. 

While our data is qualitatively consistent with the pro- 
posed scenario by Kim and Fradkin, there remains a 
number of unanswered important questions regarding the 
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FIG. 4: (a) Contour map of equipotentials of a quantum Hall 
plateau. Red loops indicate the minima regions and blue loops 
indicate the maxima regions. Circles indicates tunneling sites 
where two, counterflowing equipotentials become very close, 
(b) Tunneling geometry for the present experiment. 



physics behind the observed phase transitions, the under- 
lying order on either side of the quantum critical points, 
and the significance of the similarity to the quantum Hall- 
insulator transitions. Further theoretical investigation is 
necessary. 



work model of quantum Hall transitions by Chalker and 
Coddington[24j. 

A mesoscopic realization of coupled quantum Hall 
droplets is obtained in our samples as illustrated in 
Fig. ^p. The tunneling between small quantum Hall 
droplets may be realizable as tunneling between the edge 
states of neighboring quantum droplets separated by a 
well-defined barrier. In effect, the two-dimensional quan- 
tum Hall plateau transitions at small distance may be 
equivalent to the problem of tunneling between two one- 
dimensional edge states. The similarity of the scaling 
form and the exponents, plus the consideration of the re- 
spective electronic potential, provides a strong support 
for such a scenario. Tunneling in line junctions presum- 
ably occurs at many places along the barrier unlike the 
junctures between two quantum Hall droplets which may 
behave more like a quantum point-contact. Existence 
of multiple tunneling paths may be responsible for the 
reduced value of the conductance at the critical points 
(0.03-0.05e^/ft,). Whether such a conjecture can explain 
the observed data remains to be explored. 



VI. CONCLUSION 



V. PLATEAU TRANSITIONS AND 
INTER-EDGE TUNNELING 

From the resemblance of the observed transition to a 
quantum Hall-insulator transition, we consider a scenario 
that may provide an explanation for the observed criti- 
cal points and exponents. The transport in the quantum 
Hall plateau is thought to involve a series of intercon- 
nected equipotential "links" through a spatially varying 
random potential. Figure^ illustrates such an equipo- 
tential contour for a quantum Hall sample in the Hall 
plateau. Potential fluctuations produce phase separation 
of the sample into small quantum Hall droplets with dif- 
ferent integral fillings. These droplets are surrounded by 
an equipotential boundary that define the respective edge 
state whose size grows and shrinks with the magnetic 
field. At the plateau transitions, the current flow occurs 
through tunneling between the adjacent edge states of 
the quantum Hall droplets at these equipotential links. 
Such considerations have led to development of the net- 



In conclusion, we have studied the temperature depen- 
dent transport across a quantum Hall line junction. The 
tunnel-coupled, counterpropagating edge states produce 
a series of quantum critical points between the highly and 
weakly tunneling regimes. These critical points indicate 
a series of quantum phase transitions between two cor- 
related one-dimensional ground states arising as a result 
of strong interedge correlation. Scaling analysis shows 
that the conductance near the critical behavior scales as 
\B - Bc\T^'^, K « 0.42, similar to that of quantum Hall- 
insulator transitions. These results points to presence 
of strong quantum Hall correlation between the coupled 
edges of quantum Hall droplets. 



Acknowledgments 

The work at the University of Chicago is supported by 
NSF DMR-0203679 and NSF MRSEC Program under 
DMR-02 13745. 



[1] See review by C.L. Kane and M.P.A. Fisher in Perspec- 
tives on Quantum Hall Effects, edited by S. Das Sarma 
and A. Pinczuk (Wiley, New York, 1997). 

[2] X.G. Wen, Phys. Rev. B, 41, 12838 (1990). 

[3] X.G. Wen, Phys. Rev. B, 43, 11025 (1991). 

[4] C.L. Kane and M.P.A. Fisher, Phys. Rev. B 46, 15233 
(1992); Phys. Rev. Lett. 71, 4381 (1993). 

[5] C.L. Kane and M.P.A. Fisher, Phys. Rev. Lett. 72, 724 
(1994). 



[6] P. Fendley, A.W.W. Ludwig, and H. Saleur, Phys. Rev. 

B 52, 8934 (1995). 
[7] C. de C. Chamon and E. Fradkin, Phys. Rev. B 56, 2012 

(1997). 

[8] F.P MiUiken, CP Umback, and R.A. Webb, Solid State 

Comm. 97, 309 (1996). 
[9] A.M. Chang, L.N. Pfeiffer, and K.W. West, Phys. Rev. 

Lett. 77, 2538 (1996). 
[10] M. Grayson, B.C. Tsui, L.N. Pfeiffer, K.W. West, and 



5 



A.M. Chang, Phys. Rev. Lett. 80, 1062 (1998). 
[11] A.V. Shytov, L.S. Lovitov, and B.I. Halperin, Phys. Rev. 

Lett. 80, 141 (1998). 
[12] S.R. Renn and D.P. Arovas, Phys. Rev. B 51, 16832 

(1995). 

[13] C.L. Kane and M.P.A. Fisher, Phys. Rev. B 56, 15231 

(1997). 

[14] E. Kim and E. Fradkin, Phys. Rev. B 67, 45317 (2003). 

[15] Tin-Lun Ho, Phys. Rev. B 50, 4524 (1994). 

[16] Y. Takagaki and K.H. Ploog, Phys. Rev. B 62, 3766 

(2000) . 

[17] S. Nonoyamaand G. Kirczenow, Phys. Rev. B 66, 155334 
(2002). 

[18] A. Mitra and S.M. Girvin, Phys. Rev. B, 64, 41309 

(2001) . 



[19] L.N. Pfciffcr, K.W. West, H.L. Stormcr, ,LP. Eiscnstcin, 

K.W. Baldwin, D. Gcrsiioni, and ,]. Spcctor, Appl. Phys. 

Lett. 56, 1697 (1990). 
[20] W. Kang, H.L. Stormer, K.B. Baldwin, L.N. Pfeiffer, and 

K.W. West, Nature 403, 59-61 (2000). 
[21] L Yang, W. Kang, K.W. Baldwin, L.N. Pfeiffer, and 

K.W. West, Phys. Rev. Lett. 92, 056802 (2004). 
[22] M. Kollar and S. Sachdev, Phys. Rev. B 65, 121304 

(2002). 

[23] S.L. Sondhi, S.M. Girvin, J.P. Carini, and D. Shahar, 

Rev. Mod. Phys. 69, 315 (1997). 
[24] J.T. Chalker and P.D. Coddington, J. Phys. C 21, 2665 

(1988). 



